Background {#Sec1}
==========

DNA damaged binding protein 2 (DDB2) plays a crucial role in DNA Damage Response (DDR) activated by UV radiation \[[@CR1]\]. This protein is known to act as an important sensor in the Global Genome Nucleotide Excision Repair (GG-NER) by recognizing sites of UV-induced DNA lesions \[[@CR2]\]. This function is shared with DDB1, which associates to DDB2 to form the heterodimeric UV-damaged DNA-binding protein complex (UV-DDB); this complex initiates GG-NER by recognizing photodimers (CPDs) and 6--4 photoproducts (PPs), the primary type of lesions induced by UV irradiation. The distortion of the double helix caused by the CPDs is smaller than that of 6-4PPs, and their recognition is performed by the synchronized work of UV-DDB complex and XPC protein \[[@CR3]\]. Mutations in NER genes are linked to human genetic diseases (e.g. Xeroderma pigmentosum) as well as cancer predisposition \[[@CR4]--[@CR6]\].

The mutagenic effect of UV is efficiently neutralized by DNA repair processes involving not only GG-NER but also the transcription-coupled nucleotide excision repair (TC-NER), a sub-pathway that preferentially removes DNA lesions generated in highly transcribed DNA regions \[[@CR7]\]. At the molecular level, both these processes are promoted and regulated by various post-translational modifications of NER factors and chromatin substrate. While GG-NER employs UV-DDB heterodimer and XPC complex to initiate the DNA repair process, TC-NER utilizes elongating RNA polymerase II (Pol II) and Cockayne syndrome B (CSB) proteins as damage sensors \[[@CR8]\].

We have previously demonstrated that the interaction between DDB2 and PCNA is important to remove DNA lesions by NER. In fact, a mutated form of DDB2, unable to interact with PCNA (DDB2^PCNA-^), causes a delay in UV-induced NER process activation and confers proliferative and migratory advantages in HEK293 stable clone expressing DDB2^PCNA-^ \[[@CR9], [@CR10]\].

In addition, using gel electrophoretic motility shift assay, we showed that DDB2^Wt^ recombinant protein retains the ability to bind directly plasmidic UV-damaged DNA*,* but not the DDB2 mutated form \[[@CR10]\]. Nevertheless, this finding does not prove that DDB2^PCNA-^ since the mutant form at the cellular level localized to DNA damage sites and interact with DDB1 \[[@CR10]\]. To clarify this issue, we decided to apply a transfection-based assay, named Host Cell Reactivation (HCR), to investigate DNA lesions removal efficacy in the presence of DDB2^Wt^ protein or DDB2 mutated one. This method allows studying the DNA repair capability in different types of human cells \[[@CR11]\] and may be employed as a marker for genetic instability and cancer risk \[[@CR12], [@CR13]\]. A subsequent adaptation to FACS technology further improved its sensitivity, compared to the previous luminometer method \[[@CR14]\]. The HCR assay assesses repair of a transcriptionally active genes and, once applied to UV lesions, it measures the capacity of the host cells to perform NER \[[@CR15]\].

In order to investigate whether DDB2 protein interacts with nude plasmidic UV-damaged DNA in cellular environment and whether the mutation in DDB2 interferes with DNA repair kinetic, we used two stable clones of HEK293 expressing DDB2^Wt^ or DDB2^PCNA-^. HCR assay was performed co-transfecting these cells with UV-C irradiated pEGFP-N1 and not irradiated pmRFP-N2 plasmids. To further elucidate the ability of DDB2^Wt^ and mutant form to interact with transcription machinery, co-localization to the UV-damaged sites between RNA polymerase II (Pol II), a protein sensor of DNA lesions in transcribed genes, was also considered. Finally, DDB2 recruitment and co-localization with XPG was detected to assess potential modifications in the DNA excision step kinetic.

Methods {#Sec2}
=======

Cell lines and transfection {#Sec3}
---------------------------

HEK293 (Human Embryonic Kidney) cell line was purchased from the European Tissue culture Collection (ECACC) (catalogue code: 85120602). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma) supplemented with 10% foetal bovine serum (Life Technologies-Gibco), 2 mM l-glutamine (Life Technologies-Gibco), 100 U/ml penicillin, 100 μg/ml streptomycin in a 5% CO~2~ atmosphere.

Cell lines (50% confluent) were stably transfected with DDB2^Wt^ construct kindly provided by dr. Q. Wang \[[@CR16]\] or the mutated form DDB2^PCNA-^ using Effectene transfection reagent (Qiagen). DDB2^PCNA-^ mutated in PIP-BOX region was produced in our laboratory, as previously described \[[@CR9]\].

HeLa S3 cell line was purchased from European Tissue Culture Collection (ECACC, catalogue code: 87110901). HeLa cells were cultured as above, seeded on coverslips (70% confluent) and transiently transfected with DDB2 wild-type or mutated form constructs as previously described \[[@CR9]\]. Both cell lines were periodically tested for mycoplasma contamination.

UV plasmid preparation {#Sec4}
----------------------

pEGFP-N1 (Clontech) was irradiated in 10.5 μl of TE buffer (10 mM Tris--HCl, 1 mM EDTA, pH 8.0) at a DNA concentration of 2.85 μg/μl with 800 J/m^2^ UV-C lamp (Philips TUV-9) emitting mainly at 254 nm, as measured with a DCRX radiometer (Spectronics). Ethanol (70%) was added to DNA for the precipitation. After 15 min in freezer, DNA was centrifuged at 15500 g for 15 min at 4 °C (Allegra 21R, Beckman Coulter). The pellet was left to air dry overnight, whereas the supernatant was stored at − 20 °C. Pellet was re-suspended in 15 μl of TE buffer and the DNA was quantified by spectrophotometer (POLARstar Omega, BMG LABTECH). The supernatant was pelleted by centrifugation (Allegra 21R, Beckman Coulter) and quantified.

Host cell reactivation assay and cytofluorimetric analysis {#Sec5}
----------------------------------------------------------

HEK293, stably transfected with DDB2^Wt^ or DDB2^PCNA-^ construct, were co-transfected with pmRFP-N2 (as a positive control), kindly provided by Professor Cardoso, and pEGFP-N1 or UV-pEGFP-N1 (as previously described) employing Effectene transfection reagent (Qiagen).

After 16 and 48 h, the cells were harvested from Petri dishes and centrifuged at 200 g for 3 min (Centrifuge 4236, Alc), the pellets were gently re-suspended on phosphate-buffered saline (PBS) for in vivo flow cytofluorimetry measurements (CyFlow® SL, Sysmex Partec GmbH). Only RFP positive cells were considered for the subsequent analysis in which the ratio between the mean fluorescence intensity (MFI) for the RFP and GFP protein were calculated. After normalization (MFI GFP/MFI RFP), relative expression of GFP protein was computed by comparing the normalized MFI of the UV-irradiated to the normalized MFI of unirradiated plasmid, thereby detecting the restored plasmidic DNA \[[@CR14], [@CR15]\].

Immunofluorescence and confocal microscopy {#Sec6}
------------------------------------------

HeLa cells, seeded on coverslips and transiently transfected as reported above, were locally irradiated at 100 J/m^2^ by laying on top of cells an Isopore polycarbonate filters (Millipore) with 3 μm pores. At the end of 5, 10, 30 and 60 min (recovery time for XPG) or 30 and 60 min (recovery time for Pol II), the cells were washed twice in cold PBS, lysed with 0.5% Triton X-100 (Sigma-Aldrich) in cold PBS for 30 min at 4 °C in agitation, fixed with freshly made 2% paraformaldehyde and preserved in Ethanol (70%) at − 20 °C for permeabilization.

Next, the samples were washed twice with cold PBS and blocked in PBST buffer (PBS, 0.2% Tween 20) containing 1% bovine serum albumin (BSA) with gentle shaking, and then incubated for 1 h with specific antibodies: mouse monoclonal anti-RNA polymerase II (anti-Pol II, 1:100, Covance, RRID:AB_10013665), rabbit polyclonal anti-XPE/DDB2 (1:100, Novus Biologicals; NBP2--38854) and rabbit polyclonal anti-XPG (1:200, RRID: AB_1080609), all diluted in PBST buffer/BSA. After three washing, each reaction was followed by incubation for 30 min with anti-mouse Alexa Fluor 594 (1:200, RRID: AB_141607) or anti-rabbit Alexa Fluor 488 (1:200, Molecular Probes, RRID: AB_141708). After immunoreactions and washing, the samples were incubated with Hoechst 33258 dye (0.5 μg/ml) for 10 min at room temperature with mild agitation and then washed in PBS. Slides were mounted in Mowiol (Calbiochem) containing 0.25% 1,4-diazabicyclo-octane (Aldrich) as antifading agent. Images of fixed cells were taken with a Nikon Eclipse E400 fluorescence microscope equipped with a Canon Power Shot A590 IS digital camera. Fluorescence signals were acquired with a TCS SP5 II Leica confocal microscope, at 0.3 μm intervals. Image analysis was performed using the LAS AF software.

Results {#Sec7}
=======

DNA damage response is delayed in the presence of DDB2 mutated protein {#Sec8}
----------------------------------------------------------------------

To evaluate the UV-induced DNA damage response, we performed experiments using irradiated or not irradiated pEGFP-N1 plasmid co-transfected with pmRFP-N2 construct in HEK293 stable clones expressing DDB2^Wt^ or DDB2^PCNA-^ protein. Flow cytometry analysis of GFP and RFP expression, performed at 16 and 48 h after plasmidic DNA-damaged transfection, highlights the production of the green fluorescent protein, indicating the ability of these cells to repair DNA lesions in irradiated pEGFP-N1 plasmid (Fig. [1](#Fig1){ref-type="fig"}). In the panel A, monoparametric analysis of the green (GFP positive cells) and red (RFP positive cells) shows no significant differences in the two cell clones at 16 h after transfection. At this time, the presence of DDB2 mutated protein does not influence the repair ability since it produced similar results as wild-type protein. In contrast, the analysis performed 48 h after transfection highlights a significant reduction of DNA damage repair capability in the presence of the mutated protein (Fig. [1](#Fig1){ref-type="fig"}b). Considering the ratio of GFP/RFP fluorescence, the GFP protein synthesis is more efficient in the presence of DDB2^Wt^; instead, the loss of DDB2-PCNA interaction determines a reduction of reported gene reactivation after UV irradiation. Fig. 1NER process is impaired when DDB2-PCNA interaction is lost. HEK293 stable clones expressing DDB2 wild-type (DDB2^Wt^) or mutated protein (DDB2^PCNA-^) were transiently transfected with pEFGP-N1 UV-irradiated plasmid and pmRFP-N2 control plasmid. At 16 and 48 h after transfection, the cells were collected and analysed using in vivo cytofluorimetric protocol (see Materials and Methods section). In **a** GFP and RFP positive cells are reported and the M.F.I. is shown. **b** Statistical analysis of GFP/RFP ratio from three independent experiments is reported. \* *p* \< 0.05

DDB2 and RNA polymerase II co-localization is prevented without PCNA involvement {#Sec9}
--------------------------------------------------------------------------------

HeLa cells transiently transfected with pc-DNA3.1-DDB2^Wt^ or pc-DNA3.1-DDB2^PCNA-^ constructs were incubated with anti-DDB2 and anti-RNA Pol II antibodies for 30 min and 1 h after UV-C local irradiation. The immunofluorescence analysis shows that DDB2^Wt^ and Pol II were already recruited at DNA damaged sites at 30 min after DNA damage, and their co-localization were still detectable at 1 h after UV irradiation, even if the signal appears to be reduced (Fig. [2](#Fig2){ref-type="fig"}a). In the presence of DDB2 mutated protein, the cells did not show well-defined spots of co-localization at both 30 and 60 min (Fig. [2](#Fig2){ref-type="fig"}b). Fig. 2DDB2^PCNA-^ and Polymerase II proteins partially co-localize in irradiated cells. Immunofluorescence analysis of HeLa cells transiently transfected with constructs expressing DDB2^Wt^ or DDB2^PCNA-^ protein, as indicated. Cells were UV-C local irradiated and analysed 30 min and 1 h later. In **a** representative images obtained from cells expressing DDB2^Wt^ protein. In **b** results from HeLa transfected with pc-DNA3.1-DDB2^PCNA-^ construct are shown. Scale bar = 20 μm. Data are at least from three independent experiments

To better evaluate the recruitment kinetics at DNA damaged sites of the above proteins, confocal analysis was performed as shown in Fig. [3](#Fig3){ref-type="fig"}. The co-localization between DDB2^Wt^ and Pol II occurs mainly at 30 min after UV irradiation (Fig. [3](#Fig3){ref-type="fig"}a); at this time, 52% of cells were positive for colocalization. On the contrary, in the presence of DDB2^PCNA-^ protein, only 1 h after damage, the pixel intensity profile showed a not complete co-localization. In fact, the green and red signals were partially overlapped (Fig. [3](#Fig3){ref-type="fig"}b). This finding confirms a delay in this co-presence at DNA damage foci. Fig. 3The loss of DDB2-PCNA interaction determines defects in NER pathway. HeLa cells transiently transfected with pc-DNA3.1-DDB2^Wt^ or pc-DNA3.1-DDB2^PCNA-^ constructs and UV-C local irradiated were analysed 30 min and 1 h after damage. In **a** representative co-localization analysis between DDB2 and Polymerase II proteins after UV-induced damages as obtained by confocal microscopy. The co-localization analyses are reported in panel (**b**). Data are at least from three independent experiments

DDB2-PCNA interaction facilitates the appropriate maintenance of the late NER-phase {#Sec10}
-----------------------------------------------------------------------------------

To evaluate the potential influence of DDB2-PCNA interaction on the late NER steps, we investigate the interaction between DDB2 and XPG, a protein involved in the incision phase of NER process. HeLa cells transiently expressing DDB2^Wt^ or DDB2^PCNA-^ protein were local irradiated and analysed by fluorescence and confocal microscopies at different recovery times.

Figure [4](#Fig4){ref-type="fig"}a shows representative images of the immunofluorescence analysis. The time course after irradiation indicate that DDB2^Wt^ protein is recruited at DNA damaged sites together with the endonuclease XPG. Confocal microscopy confirmed a better co-localization between DDB2^Wt^ and XPG proteins at 10 min after UV irradiation (Fig. [4](#Fig4){ref-type="fig"}b), whereas the recruitment at the damage sites appears postponed at 30 min with regards to XPG and DDB2^PCNA-^. Furthermore, in the last case, the confocal analysis indicated that the two proteins recruited at DNA damaged sites are very closed but not completely overlapped since the profile of the peak intensity reveal that the better fluorescent signals are not superimposable. These data demonstrate that the loss of DDB2-PCNA interaction influences the late phase of NER process. Fig. 4DDB2-PCNA binding influences the late phase of repair process. Representative analysis obtained from transfected and irradiated HeLa cells using immunofluorescence microscope (**a**). Scale bar = 20 μm. In **b** confocal images and analysis are reported. The peaks exemplify the co-localization studies between DDB2 and XPG proteins. Data are at least from three independent experiments

Discussion {#Sec11}
==========

NER process is a highly versatile and complex system removing different types of DNA lesions \[[@CR17]\]. UV-induced damages trigger NER process using both sub-pathways TC-NER and GG-NER. The first one is fast and efficient in removing lesions from transcribed regions determining a block of transcription \[[@CR18]\].

The role of DDB2 in GG-NER is widely described and this protein is crucial to recognize and remove DNA UV-lesions \[[@CR19], [@CR20]\]. We have previously demonstrated that DDB2-PCNA interaction is i) required for DDB2 degradation \[[@CR9]\], ii) likely involved in cell cycle progression \[[@CR21]\], iii) able to affects DNA repair and iv) implicated in conferring proliferation and migration advantages \[[@CR10]\]. In addition, using UV-damaged plasmidic DNA, DDB2^PCNA-^ recombinant protein showed both defective lesion recognition and DNA binding \[[@CR10]\].

In this work we applied HRC assay to evaluate plasmidic DNA repair capacity of DDB2 protein and its mutated form. In the past, several approaches based on transfected damaged-DNA have been used to this end. After the initial demonstration on HCR efficiency for studying NER process activation in whole cells \[[@CR11]\] or fractionated cell extracts transfected with UV-damaged plasmid DNA \[[@CR11]\], different attempts to improve HCR assay have been further developed. Among them, a fluorescent method for detecting cellular ability to incise the damaged strand by NER mechanism \[[@CR22]\], as well as a plasmid-type fluorescent probe \[[@CR23]\] were proposed.

Based on our results, the re-activated expression of GFP protein in the stable clone producing DDB2^Wt^ demonstrated that DNA lesions are removed from transfected irradiated plasmidic DNA and, therefore, the transcription process is restored. It is known from the literature, that HCR assay, when performed after UV damage, measures the ability of the host cells to complete NER \[[@CR15]\]. Our results demonstrated that this capability is influenced by DDB2-PCNA interaction; in fact, the cells expressing DDB2^PCNA-^ protein showed a significant reduction of GFP expression, as shown by the low GFP protein level measured by flow cytometry. By this experimental approach we demonstrated that both DDB2^Wt^ and DDB2^PCNA-^ proteins may intervene on nude UV-damaged plasmidic DNA inserted in human cells. Importantly, the DDB2^PCNA-^ mutant protein causes a delayed repair, confirming our previously published data obtained in an in vitro model \[[@CR10]\]. In addition, our data support that the HCR method can be an efficient tool for investigating the role of NER mutant proteins in DNA repair. One advantage of this technical approach is that only the transfected DNA is damaged, while host cells are not irradiated and, therefore, they own intact cellular synthesis machinery and biochemical processes.

Interestingly, the co-localization between DDB2^Wt^ and RNA Pol II protein, as highlighted by confocal analysis at 30 min after UV irradiation, allows us to confirm the co-presence of these proteins at DNA damaged sites. This finding suggests a putative cooperation in DNA repair processes between TC-NER and GG-NER. Cooperation between other repair pathways have already been reported, as well as functional links between apparently separate signalling pathways converging toward a single global DNA damage response \[[@CR24], [@CR25]\]. In the presence of DDB2 mutated protein this cooperation is slower and its co-localization with RNA Pol II at DNA damaged sites appears incomplete even one hour after irradiation, thus suggesting a delay in the repair process.

To verify whether this different DNA damage response occurs also in the next phase of the NER and, in particular, in the excision of DNA lesions, DDB2-XPG co-localization was also considered. Although early report indicated that DDB2 is not required for XPG recruitment \[[@CR26]\], this does not mean that co-localization may occur thereafter, as suggested by our results with DDB2^Wt^ and further supported by the evidence that loss of DDB2-PCNA interaction determines a delay on the XPG recruitment on DNA lesions. Since XPG-mediated excision of DNA containing the lesions is fundamental for the fast DNA re-synthesis to correct the errors \[[@CR27]\], our results suggest that DDB2 may influence not only the recognition, but also the next step of the NER, confirming the results observed in delayed GG-NER process \[[@CR9], [@CR10]\].

Conclusions {#Sec12}
===========

In conclusion, this work reports two new findings. First, the HCR data allowed highlighting the importance of the DDB2-PCNA interaction to complete correctly NER process. The second result is that HCR approach is useful to study how mutations in NER proteins may influence genome stability.
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